We present new (3+1) dimensional numerical relativity simulations of the binary neutron star (BNS) mergers that take into account the NS spins. We consider different spin configurations, aligned or antialigned to the orbital angular momentum, for equal and unequal mass BNS and for two equations of state. All the simulations employ quasiequilibrium circular initial data in the constant rotational velocity approach, i.e. they are consistent with Einstein equations and in hydrodynamical equilibrium. We study the NS rotation effect on the energetics, the gravitational waves (GWs) and on the possible electromagnetic (EM) emission associated to dynamical mass ejecta. For dimensionless spin magnitudes of χ ∼ 0.1 we find that spin-orbit interactions and also spin-induced-quadrupole deformations affect the late-inspiral-merger dynamics. The latter is, however, dominated by finite-size effects. Spin (tidal) effects contribute to GW phase differences up to ∼ 5 (20) radians accumulated during the last eight orbits to merger. Similarly, after merger the collapse time of the remnant and the GW spectrogram are affected by the NSs rotation. Spin effects in dynamical ejecta are clearly observed in unequal mass systems in which mass ejection originates from the tidal tail of the companion. Consequently kilonovae and other EM counterparts are affected by spins. We find that spin aligned to the orbital angular momentum leads to brighter EM counterparts than antialigned spin with luminosities up to a factor of two higher. 
I. INTRODUCTION
With the detection of the first gravitational wave (GW) signals GW150914 [2] and GW151226 [3] the era of GW astronomy has begun. Beside black hole binaries, binary neutron stars (BNS) are one of the expected sources for future detections with the advanced GW interferometers [4] . The theoretical modeling of the GW signal is crucial to support future GW astronomy observation of BNS. BNS mergers are also expected to be bright in the electromagnetic (EM) spectrum. Possible EM counterparts of the GW signal are short gamma-ray bursts [5] [6] [7] , kilonovae [8] [9] [10] [11] (also referred to as macronovae) and radio flares [12] . Detailed models of EM counterparts will help the development of multimessenger astronomy.
Modeling BNS mergers requires to cover the entire parameter space of BNSs, including the stars' rotational (spin) effects. Although observations suggest that most neutron stars (NSs) in binary systems have comparable individual masses ∼ 1.35M and relatively small spins [13, 14] , this conclusion might be biased by the small number of observed BNS. The BNS parameter space could be much richer, in particular population synthesis models predict a wider range of masses and mass ratios [15, 16] . Recent observations of compact binary systems with mass ratios of q ≈ 1.3 suggest that BNSs with a significant mass asymmetry can exist [17, 18] . As far as spins are concerned, pulsar data indicate that NS can have a significant rotation even in binary systems. Some of these NS in binaries approach the rotational frequency of isolated milli-second pulsars.
For example, the NS in the binary system PSR J1807−2500B has a rotation frequency of 239Hz [14, 19] , and one of the double pulsar components (PSR J0737−3039A) has rotational a frequency of 44Hz [20] . There is also evidence that dynamical capture and exchange interactions involving NSs are a frequent occurrence in globular clusters [21] ; during this process exotic objects, such as double millisecond pulsars might form [22] .
The only possibility to study the dynamics and waveforms in the time period shortly before and after the merger of BNS systems is to perform numerical relativity (NR) simulations that include general relativistic hydrodynamics (GRHD). Despite the large progress of the field during the last 10 years, spin effects in BNS mergers have been investigated in few works. A main reason was the lack of consistent and realistic initial data for the simulations, a crucial prerequisite for NR evolutions. General-relativistic quasi-equilibrium configurations of rotating NSs of circular binary system can be now computed within the constant rotational velocity (CRV) approach [23, 24] . These data are neither corotational nor irrotational, and permit, for the first time, the NR-GW modeling of realistic BNS sources with spins. (See Sec. I of [25] for a discussion). Alternative NR evolutions of spinning BNS were presented in [26] [27] [28] [29] , but employed constraint violating initial data. Spinning BNS were also considered with a smooth particle hydrodynamics code under the assumption of conformal flatness, e.g. [30] .
Evolutions of CRV initial data have been considered in [16, 25, 31] . We have presented the first evolutions covering the last 3 orbits and postmerger for a BNS systems described by polytropic equations of state [25] . That work proposed an analysis of the conservative dynamics in terms of gauge-invariant curves of the binding energy vs. angular momentum and a very preliminary analysis of the spin effects on the waveform. In [16] we have made significant improvements in the way we construct CRV initial data, which allows us to investigate BNS mergers in an extended parameter space, and presented preliminary evolutions of generic mergers (i.e. with precession). Ref. [31] presented an independent implementation of CRV initial data and preliminary evolutions, but did not cover the final merger and postmerger phases.
Several important questions remain open. A detailed understanding of the role of spin interactions will be fundamental for building analytical models of the inspiralmerger phase. Thus, it is important to further explore the BNS dynamics with long simulations and spanning a larger parameter space than previously considered. The influence of the NS spins on the GW phase evolution during the last orbits and up to merger is not fully understood but is very relevant for GW data analysis [32, 33] . Understanding the spin influence on the merger remnant might be relevant for both GW and EM observations. Also, the role of the NSs rotation on the dynamical ejecta and on the EM counterparts has not been explored.
In this article, we investigate rotational (spin) effects in multi-orbit BNS merger simulations with different mass-ratio and propose the first answers to the questions above. Our simulations cover ∼ 12 orbits to merger and postmerger for mass ratios q = 1, 1.25, 1.5, two different equations of state (EOSs), and spin aligned or antialigned to the orbital angular momentum. These simulations are the first of their kind, and will support the development of analytical models of the GWs and of the EM emission from merger events. This paper extends the results of Ref. [1] (hereafter Paper I) that was limited to irrotational configurations and focused on the effect of the mass ratio. Our goal is to cover a significant part of the BNS parameter space.
The article is structured as follows: In Sec. II, we describe briefly the numerical methods and some analysis tools. In Sec. III we present the configurations employed in this work. Section IV summarizes the dynamics of the merger process, where the spin evolution of the individual stars and the energetics during the inspiral and postmerger are discussed. In Sec. V-VII dynamical ejecta, the GW signal, and possible electromagnetic (EM) counterparts are studied. We conclude in Sec. VIII.
Throughout this work we use geometric units, setting c = G = M = 1, though we will sometimes include M explicitly or quote values in cgs units for better understanding and astrophysical interpretation. Spatial indices are denoted by Latin letters running from 1 to 3 and Greek letters are used for spacetime indices running from 0 to 3.
II. SIMULATION METHODS

A. Initial configurations
Our initial configurations are constructed with the pseudospectral SGRID code [16, [34] [35] [36] . We use the conformal thin sandwich equations [37] [38] [39] together with the CRV approach [23, 24] to solve the constraint equations. We construct quasi-equilibrium configuration in quasicircular orbits, assuming a helical Killing vector. We follow exactly the same setup as in Paper I to which we refer for more details.
In order to construct BNS with different spins the approach of [16, 36] is adopted. The CRV method does not allow to prescribe the spin (or the dimensionless spin) directly; only the rotational part of the four-velocity can be specified as free data. We use Eq. (C3) of Ref. [16] to obtain an estimate for the four-velocity corresponding to a given dimensionless spin of χ = 0.1. Once the rotational velocity is fixed, we compute a single NS with the same baryonic mass as the one in the binary and measure its ADM angular momentum. This gives the dimensionless spin of one component of the binary. The procedure is repeated for the other component.
For binary configurations in quasi-equilibrium, the described procedure gives consistent results between the ADM angular momentum of the spinning and irrotational BNS. In particular the difference between the J ADM of the spinning and irrotational BNS is consistent with the sum of the spin estimates, ∆J ADM ∼ (S A +S B ), up to 10 −2 ; fractional errors are always 0.3%. Those small differences might also be caused by small differences in the initial orbital frequency.
The properties of the initial BNS configuration are summarized in Tab. I, and discussed in more detail in Sec. III.
B. Evolutions
Dynamical simulations are performed with the BAM code [40] [41] [42] , employing the Z4c scheme [43, 44] and the 1+log and gamma-driver conditions for the gauge system [45] [46] [47] . The GRHD equations are solved in conservative form by defining Eulerian conservative variables from the rest-mass density ρ, pressure p, internal energy , and 3-velocity v i with a high-resolution-shockcapturing method [40] based on primitive reconstruction and the Local-Lax-Friedrichs central scheme for the numerical fluxes. The GRHD system is closed by an EOS. We work with two EOSs modeled as piecewise polytropic fits [1, 48] and include thermal effects with an additive pressure contribution p th = (Γ th − 1)ρ [49, 50] setting Γ th = 1.75. The Berger-Oliger algorithm is employed for the time stepping [51] and we make use of an additional refluxing algorithm to enforce mass conservation across mesh refinement boundaries [52, 53] as in previous works [1, 42, 54] . Restriction and prolongation be- tween the refinement levels is performed with an average scheme and 2nd order essentially non-oscillatory scheme, respectively. We employ the same grid setup as the "shell" setup in Paper I, i.e. the numerical domain is made of a hierarchy of cell-centered nested Cartesian grids, where the outermost level is substituted by a multipatch (cubedsphere) grid [44, [55] [56] [57] . In total we have used 4 different grid setups summarized in Tab. II.
C. Simulation analysis
Most of our analysis tools were summarized in Sec. III of Paper I. They include the computation of the ejecta quantities, the disk masses, the entropy indicator, the amount of mass transfer during the inspiral, and the way we extract GWs. Here, we extend the analysis tools by including a quasi-local measure of the spin of the NSs. Following a similar approach as in Refs. [31] , we evaluate the surface integral
on coordinate spheres with radius r S around the NSs. ϕ li = lik x k defines the approximate rotational Killing vectors in Cartesian coordinates (ϕ l1 , ϕ l2 , ϕ l3 ), K ij denotes the extrinsic curvature, γ ij the inverse 3-metric, and n i = (x i − x NS i )/r the normal vector with respect to the center of the NS. The center is given by the min-imum of the lapse inside the NS 1 . Differently from [31] we do not determine the center of the coordinate sphere by the maximum density and we do not use comoving coordinates in our simulations.
Let us discuss the interpretation of Equation (1) . For equilibrium rotating NS spacetimes, Eq. (1) in the limit r S → ∞ reproduces the ADM angular momentum of the (isolated) NS, see Appendix A. In dynamical BNS evolutions, Eq. (1) allows us to measure the spin evolution and spin direction. We stress that, in the BNS case, the spin measure has some caveats: (i) no unambiguous spin definition of a single object inside a binary system exists in general relativity; (ii) Eq. (1) is evaluated in the strong-field region although it is only well defined at spatial infinity; (iii) the r S spheres are gauge dependent.
III. BNS CONFIGURATIONS
We consider BNS configurations with fixed total mass of M = M A + M B = 2.75M , and vary EOS, massratio, and the spins. The spins are always aligned or antialigned to the orbital angular momentum. The EOSs are ALF2 and H4; both support masses of isolated NSs above 2M and are compatible with current astrophysical constraints. We vary the mass ratio,
spanning the values q = (1.0, 1.25, 1.5). For every EOS and q, we consider four different spin configurations:
(00) none of the stars is spinning;
(↑↑) both spins are aligned with the orbital momentum;
(↑↓) the spin of star A is aligned, the other star spin is anti-aligned; (↑ 0) the spin of star A is aligned to the orbital angular momentum and the other NS is considered to be irrotational, where the dimensionless spin magnitude
of each star is either χ = 0 or χ ∼ 0.1. The properties of the considered BNSs are summarized in Tab. I. A BNS configuration is determined by its EOS, individual masses (or mass ratio), and the two spins. Focusing on the GWs, we parametrize this configuration space as 1 While this paper has been written also [58] implemented the exactly same method as proposed here to measure the spin of the single NSs during BNS inspirals. Both implementations have been compared and give similar results.
follows. Spin effects are described by the mass-weighted spin combination,
which is used for phenomenological waveforms models and during GW searches, e.g. [59, 60] . The massweighted spin is related to the effective spin χ φ , which captures the leading order spin effects of the phase evolution via
with the symmetric mass ratio
For the setups presented here χ mw ≈ χ eff , which is the reason why we restrict us to the more commonly used χ mw .
Most of the NS structure and EOS information is encoded in the tidal polarizability coefficient [61, 62] 
that describes at leading order the NSs' tidal interactions. κ T 2 depends on the EOS via the quadrupolar dimensionless Love number k 2 of isolated spherical star configurations, e.g. [63] , and the compactness C of the irrotational stars (defined as the ratio of the gravitational mass in isolation with the star's proper radius). As a further parameter we choose the mass ratio, since the dynamics of nonspinning black hole binary is entirely described by q.
The 3D parametrization (q, χ mw , κ T 2 ) is a (possible) minimal choice for the description of BNS GWs. The binary total mass M , in particular, scales trivially in absence of tides and its dependency in the tidal waveform is hidden in the κ T 2 , to leading order. It should be noted, however, that (q, χ mw , κ T 2 ) are not independent variables and some degeneracies exists [κ T 2 and χ mw depend on q for instance]. Furthermore, we note that the intrinsic NS rotation can also influence tidal effects during the evolution. In this work, we use for consistency (q, χ mw , κ T 2 ) to study the parametric dependency of other quantities than GWs, like ejecta and EM luminosity.
The (q, χ mw , κ T 2 ) parameter space coverage of our work is shown in Fig. 1 . In total we are considering 24 BNSs. The irrotational configurations were already presented in Paper I, but 36 new simulations were performed for the scope of this paper. Every configuration is simulated with two different resolutions R1 and R2, see Tab. II. This allows us to place error bars on our results, which will be conservatively estimated as the difference between the resolutions, see [64, 65] for a detailed analysis. 
IV. DYNAMICS A. Qualitative discussion
Our simulations span N orb ∼ 10 − 12 orbits (20-24 GW cycles) to merger, the number of orbits increases (decreases) for spin aligned (antialigned) to the orbital angular momentum. In this regime, spin effects typically contribute up to ∆N Spin ∼ ±1 orbits. The spin effect is comparable to the effect of the EOS variation and of the mass ratio, ∆N EOS ∼ ∆N q ∼ ∆N Spin . BNS with stiffer EOS and/or larger q take fewer orbits to merge for a fixed initial GW frequency 2 . Figure 2 shows the rest-mass density profile inside the orbital plane for the configurations employing the H4 EOS with resolution R2. The snapshots are taken at the moment of merger, i.e., at the time where the amplitude of the GW has its maximum.
Although the initial orbital frequency is almost identical for all systems with the same mass-ratio and EOS, cf. Tab. I, the "orbital phase" at the moment of merger differs due to the spin of the individual stars. In general, if a NS has spin aligned to the orbital angular momentum, the binary dynamics is less bound leading to a slower phase evolution with respect to the irrotational case. Contrary, if a NS has anti-aligned spin the binary is more bound leading to a faster phase evolution and an earlier moment of merger, i.e. at lower frequencies (see Sec. VI). This spin-orbit (SO) effect has a solid analytical basis [66] , and was already reported in both BBH simulations [67] ("orbital hang-up" effect) and in BNS setups [16, [25] [26] [27] .
In the BNS configurations with (↑↓) and equal masses (q = 1) the SO effect is zero at leading order, cf. Eq. (12) and discussion below. Notably in these cases, the effects of the spin-spin interactions (SS) are observed in our simulations. Comparing the irrotational BNS (00) with the (↑↓) configuration, the latter has a faster phase evolution, i.e. merges at lower frequencies.
After merger, the simulations are continued for about ∼ 30ms. All the BNS considered in this work form a hypermassive neutron star (HMNS). The presence of spin influences the angular momentum of the remnant HMNS. Configurations with (↑↑), for example, have additional angular momentum support and the HMNS has a longer lifetime. Spin effects influence the HMNS's rotation law and its dynamical evolution [see Sec. VI B for a detailed discussion]. Overall, spin effects are observed in the remnant and ejecta, but better resolved during the early part of the simulations.
B. Spin Evolution
The evolution of the quasi-local spin computed by Eq. (1), is shown in Fig. 3 for the representative case H4-137137 (↑↓) . We find that, within our uncertainties, the spins magnitudes remain roughly constant up to the actual collision of the two stars. When the two stars finally merge, there is a single surface integral, and Eq. (1) estimates the orbital angular momentum of the merger remnant. Our results are consistent with what was observed in [31] , although the latter do not extend to merger. They are also consistent with BBH simulations in which spins remain roughly constant up to the formation of a common horizon [68] [69] [70] . However, comparing with [31] our results have larger uncertainties, whose origin we discuss in the following. Fig. 3 shows that, during the evolution, the spin magnitude of the NS with spin aligned to the orbital angular momentum seems to be larger by ∼ 20% compared to the other. This happens despite the fact that the rotational velocities (and initial spin values) are initially of the same magnitude. A similar effect was shown in [31] , but it is more pronounced in our setup.
We argue this is caused by the fact that we are using coordinate spheres in a non comoving coordinate system. As a result, our setup does not capture accurately the (approximate) rotational symmetry around each star, the latter being numerically entangled with the orbital motion. The spin magnitudes are, consequently, overestimated. For the same reason we observe a drift of the spin magnitude that increases the closer the merger is. We believe this effect is partially related to numerical accuracies. Note finally that for irrotational BNSs we measure a residual spin S ∼ 10 −2 . The value is consistent with the accuracy level of the initial data, see also our results on isolated stars in App. A.
FIG. 2.
Rest-mass density profile inside the orbital plane for simulations employing the H4 EOS and using the R2 grid setup. The snapshots represent the moments of merger. The panels refer to (from top to bottom) mass ratios q = 1.00, q = 1.25, q = 1.50 and (from left to right) spin configurations (00), (↑↓), (↑ 0), (↑↑). The rest-mass density ρ is shown on a logarithmic scale from blue to red. The rest-mass density of unbound material is colored from brown to green. Most material gets ejected from the tidal tails of the NS inside the orbital plane.
C. Energetics
We now discuss the BNS dynamics at a quantitative level by considering the gauge invariant curves of the binding energy vs. orbital angular momentum [72] as well as the binding energy and angular momentum dependency on the orbital frequency.
The specific binding energy is given by
where E rad is the energy emitted via GWs, as computed from the simulations (cf. Sec. V of Paper I). The specific and dimensionless orbital angular momentum is
where J rad denotes the angular momentum emitted by GWs. L is the orbital angular momentum, a quantity that is not of direct access in our simulations. Thus, we approximate L(t = 0) by [16, 25] 
where J ADM (t = 0) is the ADM-angular momentum and S A,B the spins of the NSs measured in the initial data. We further assume that spins are approximately constant during the evolution, cf. Sec. IV B and [31] . In addition to the E b ( ) curves we consider the binding energy and angular momentum as functions of the dimensionless parameter x = (M Ω) 2/3 , where Ω is the orbital frequency. The latter can be unambiguously calculated from the simulation as [62] M
This quantity can be also used to characterize the postmerger dynamics as we do in Sec. IV C 2. . The gray dashed dotted lines in the diagram represent the value computed from the initial data solver and given in Tab. I. Different colors refer to different radii of the coordinate spheres. The increasing quasi-local spin is most likely caused by the choice of the center of the integration surface and by using a coordinate sphere not taking tidal deformations into account.
Energetics: late inspiral-merger
The E b ( ) curves probe in a direct way the conservative dynamics of the binary [72] . In [25] we have proposed a simple way of analyzing energetics during the inspiral-merger that relies on extracting the individual contributions of the binary interactions, i.e. spin-orbit (SO), spin-spin (SS) and tidal (T). Our new simulations allow us to improve that analysis by extracting more accurately the SO and SS interaction contributions.
Motivated by the post-Newtonian (PN) formalism and building on [16, 25] we make the additive ansatz for the binding energy [we omit hereafter the subscript "b"]
where E 0 is a orbital (point-particle) term, E T the tidal term, E SO the SO term, E S 2 a SS term due selfcoupling of the spin of the single star, i.e. a change of the quadrupole moment due to the intrinsic rotation, and E S↔S an SS interaction term due to the coupling of the stars' spins. Each of the above contributions corresponds to a term in the PN Hamiltonian. At leading order (LO) we have at 1.5PN
with the effective spin
and at 2PN
and
with C Q describing the quadrupole deformation due to spin, e.g. [73] and Appendix B, andS
Focusing on the equal mass configurations and applying the ansatz above to the binding energy of each configuration, we write
We have omitted the superscript for the individual simulations for the E 0 and E T contribution since we assume that they are the same for all setups. Using the simulation data we extract each contributions as follows. First, we consider an equal mass, non-spinning BBH-simulation to provide E (BBH) ≈ E 0 3 . Then, we use the relations
that come from the LO expressions of the PN Hamiltonian above Eqs. (12)- (14)- (15) and from the fact that the stars have the same mass (M A = M B ) and spin magnitudes (S A = S B ). This way, based on the five different cases, the individual contributions read
All contributions are shown in Fig. 4 for the ALF2 EOS (left) and the H4 EOS (right). For comparison we include as a shaded region the difference between resolutions R1 and R2 for the individual components. The plot clearly shows the repulsive (attractive) character of the SO (tidal) interaction and quantifies each term for a fixed value of the orbital angular momentum. The plot indicates that, although poorly resolved, SS interactions might play a role close to merger. The E S 2 terms, in particular, are rather large for 3.6 and contribute to the merger dynamics with an effect opposed to the one of the SO interaction (note the negative sign of E S 2 in the plots). Summing up all the spin effects, we find that spin contributions are of the same order as tidal effects.
FIG. 4.
Binding energy vs. specific angular momentum curves E( ) for the equal mass configurations (upper panels). The circles mark the moment of merger for all configurations. We also include a non-spinning BBH configuration from the public SXS catalog, see text for more details. The bottom panels show the individual contributions to the binding energy, Eq. (11), we present the SO (green), S 2 (orange), S ↔ S (blue) configurations obtained from the NR data as solid lines. For those contributions we also include 3.5PN (App. B) estimates as dashed lines. The tidal contributions are shown as cyan lines. We also include the SO contribution from the EOB model of [71] . We mark the difference between resolution R2 and R1 as a colored shaded region. The vertical gray areas correspond to the merger of the ALF2-137137
(↑↓) (left) and the H4-137137
This demonstrates the importance of including spins in analytical models of BNS. On top of our numerical results we plot 3.5PN estimates for SO, and SS interactions as dashed lines (see Appendix B for their explicit expressions) and the SO effective-one-body (EOB) estimate of [71] as dot-dashed lines. The SO term extracted from the NR data shows significant deviations from the EOB analytical results for 3.6 − 3.7, which correspond to GW frequencies of M ω 22 ∼ 0.073 − 0.083 (compare with merger frequencies in Tab. IV). The EOB model is closer to the numerical data than the PN model, but underestimate (in absolute value) the magnitude of the SO term during the last 2-3 orbits. The PN description of SO couplings shows deviations already at 3.8, and it is very inaccurate for the description of the S 2 SS effects 4 . These findings suggest that, already at the level of the Hamiltonian, more analytical work is needed to describe the very last orbits of BNS.
Interestingly however, we note that the "cumulative" spin contribution SO+SS can be reasonably approximated by the considered EOB SO model solely (for the considered dynamical range). The reason for this might be that the attractive character of the SS interaction partially "compensates" the effect of the missing an-4 Note, however, that the ansatz in (11) might be inaccurate at high-frequency, and that our analysis might break close to merger. Furthermore, higher resolved simulations are needed to reduce the uncertainties extracting SS contributions.
alytical information 5 . Let us consider the sum of all spin contributions, E Spin , and assume it can be formally parametrized as the LO SO interaction (lowest order in spin)
Consequently, Eq. (11) simplifies to
and, by subtracting the non-spinning binding energy curves from the curves for spinning configurations, we calculate E Spin . Figure 5 presents our results. For this analysis we also include unequal mass configurations for which it was not possible to extract the individual contributions to the binding energy as done above for the equal mass cases. Notice that for an unequal mass system also (↑↓) configurations contain SO-interactions, see cyan line. In the top panel we compare simulations for different EOS. The quantity E Spin is the same for all simulations independent of the EOS. The bottom panel of Fig. 5 shows the effect of the mass ratio on E Spin , where again up to the merger all estimates agree. The EOB SO curve for E Spin are closer to the NR data in this cases than in the one presented in Fig. 4 . We finally discuss the curves E b (x) and (x), i.e., compare BNS energetics at fixed orbital frequency Ω. Figure 6 summarizes the equal mass results for ALF2 EOS (left) and the H4 EOS (right). The figure shows that once we consider systems with the same orbital frequency tidal contributions to the binding energy are larger than spin contributions. This becomes more visible in Fig. 7 for which we have extracted the individual components following Eq. (22)- (25) . Figure 7 also shows that the individual contributions to E b (x) and E b ( ) have opposite signs. This can be understood by considering ∝ Ωr 2 and E ∝ −r −1 . Let us first focus on tidal effects comparing a BBH and a BNS system. Because of the attractive nature of tidal effects E b,BBH > E b,BNS (but |E b,BBH | < |E b,BNS |) for fixed angular momentum. Consequently Ω BBH < Ω BNS , which explains the inverse ordering of E b (x) and E b ( ). Another approach is to consider the (x) curves for a fixed frequency for which BNS > BBH and r BNS > r BBH . Therefore, the system is less bound, i.e. E b,BNS > E b,BBH , which is reflected in the E(x) curves. In analogy it is possible to explain why E SO and other spin dependent contributions have opposite signs if E b (x) and E b ( ) are compared.
This also shows that while E b ( ) curves can be directly used to understand the effect of individual components on the conservative dynamics, the interpretation of E b (x) is more subtle, but will be useful for the phase analysis of the system presented in Sec. VI.
Energetics: postmerger
Binding energy vs. specific angular momentum curves can be used also to study post-merger dynamics [62] . The frequency M Ω = ∂E b /∂ , in particular, gives the rotation frequency of the HMNS merger remnant, and matches extremely well half the postmerger GW frequency. Spins effects are clearly visible at merger [25] but also in the postmerger Ω, especially in cases in which the merger remnant collapses to a black hole.
In Fig. 8 
Comparable masses BNS remnant collapse to black hole within the simulated times (left panels) and Ω increases continuously up to the collapse. The continuous evolution of Ω (a "post-merger chirp" [1, 62] ) is caused by the increasing compactness and rotational velocity of the remnant. Spins aligned to orbital angular momentum increase the angular momentum support of the remnant that, therefore, collapses later in time and at smaller values of . The remnant of configuration (↑↓) has a very similar dynamics to the one of (00).
The remnants of q = 1.5 BNS instead do not collapse during the simulated time. Interestingly, Ω shows a sharp jump right after merger and then remains approximately constant. The jump is only present in the q = 1.5 mass ratio setups. It originates from the secondary star whose core "falls" onto the primary star, after a partial tidal disruption. Consequently, the the rotational frequency of the merger remnant experience a rapid increase over a short time.
V. EJECTA
In Paper I we have pointed out that the amount of ejected material depends significantly on the mass-ratio where the ejecta mass increases for higher mass ratios with a linear behavior in q. In large-q BNSs the massejection from the tidal tail of the companion (centrifugal effect) dominates the one originating from the cores' collision and the subsequent shock-wave. For the same reason, stiffer EOS favor larger mass ejection over softer EOS. The effect of the stars' rotation (dimensionless spins χ ∼ 0.1) on the dynamical ejecta are sub-dominant with respect to the mass-ratio and, to some extend, also to varying the EOS. We find that for configurations with large mass ratio (q = 1.5) the amount of ejecta is increasing from (↑↓) to (↑ 0), and to (↑↑) due to the progressively larger angular momentum in the tidal tail of the companion. We also identify a spin effects on the unbound material, as discussed below. Figure 9 shows the most important ejecta quantities and their dependence on the spin and the mass ratio. We report the total ejecta mass M ej , the kinetic energy of the ejecta T ej , and the average velocities inside the or- Binding energy (top panels) and specific angular momentum (bottom panels) as a function of the PN parameter x. The circles mark the moment of merger for all configurations. We also include a non-spinning BBH configuration from the public SXS catalog as in Fig. 4 . We have applied a Savitzky Golay filter on E(x) and (x) to reduce numerical noise and eccentricity oscillations. For all configurations (independent of the spin) the ejecta mass is larger for larger mass ratios. A similar statement is true for the kinetic energy of the ejecta (second panel of Fig. 9 ). The EOS variation considered here does not show significant differences in the ejecta. Mass ejection in q = 1 BNS mostly originates from the shock wave that forms during the core collision, while in q = 1.5 BNS mostly originates form the tidal tail.
The influence of the NS spin is smaller than the ef- fect of the mass ratio. It is most visible for larger ejecta masses, i.e. the q = 1.25, 1.5 cases, and is related to the spin of the companion star (less massive NS). In a Newtonian system, mass ejection sets in once the fluid velocity is sufficiently large and the material is not bound by gravitational forces, i.e., once v 2 > M NS /R NS . The velocity of the fluid elements can be approximated by v ∼ v orb + v ω . The component v orb depends on the orbital motion and is therefore only indirectly effected by the spins. The component v ω ≈ ωR NS is the speed of a fluid element in the frame moving with the center of the star. Considering the two configurations (↑↑) and (↑↓), one can approximate the fluid velocity at the points farthest away from the center of mass as v ∼ v orb + |v ω | for (↑↑), and as v ∼ v orb − |v ω | for (↑↓) configurations. The criterion v 2 > M NS /R NS would be fulfilled for the former configuration but not fulfilled for the latter. This observation, although based on a Newtonian description, explains why for q = 1 the unbound mass increases with increasing χ B . The observation that more material can be ejected for aligned configurations was also reported in [76] for eccentric encounters of NSBH systems using approximate initial data.
VI. GRAVITATIONAL WAVES
In this section we discuss spin effects on the GW. In Sec. VI A we present, for the first time, a GW phase analysis up to merger that quantifies the contributions of spin and tidal interaction in the dynamical regime covered by the simulations. We find that spin effects contribute to phase differences up to ∼ 5 radians in the considered dynamical regime (for χ ∼ 0.1). In Sec. VI B we discuss the postmerger signal and the main emission channels. We find that aligned spin configurations have a longer lifetime before collapse and therefore influence the spectral properties of the remnant. However, resolving spin effects with current simulations in the power spectral density (PSD) of the GW signal is not possible.
Our notation follows Sec. V of Paper I, and focuses on the dominant (2, 2) mode of the GW strain. We often useω := M ω 22 (28) Left panels refer to mass ratio q = 1.00 and right panels to mass ratio q = 1.50. The markers characterize the spin of the configurations as in Fig. 1 , where circles correspond to (00) setups, down-pointing triangles to (↑↓), right-pointing triangles to (↑ 0), and upwards pointing triangles to (↑↑). The spin of the secondary star influences the amount of ejected material and the kinetic energy, where aligned spin leads to larger ejecta. The velocity inside the orbital plane does not depend notably on q or χ eff , and the velocity perpendicular to the orbital plane decreases for increasing q.
for the dimensionless and mass-rescaled GW frequency. GWs are plotted versus the retarded time u. The (real part of the) waveforms is plotted in Fig. 10 , as an overview of the different signals. Several important quantities are listed in Tab. IV.
A. Late-inspiral phasing
In order to analyze the phasing of the waves we proceed as follows. We first fit the quantityω(t) as described in App. C, eliminating this way the oscillation due the residual eccentricity in the NR data. We then integrate to obtain φ(t) and parametrize φ(t(ω)) to obtain the phase as a function of the GW frequency. The integration introduces an arbitrary phase shift, which is set to zero at an initial frequencyω = 0.04. The phase comparison is then restricted to the frequency intervalω ∈ [0.04, 0.11], which corresponds to physical GW frequencies ∼ 470−1292 Hz. Figure 11 summarized our results. The upper panel shows the phase of ALF2-137137 (00) (blue) and ALF2-137137 (↑↑) (red). The estimated uncertainty of the data is shown as a shaded region; note that the error bar is not symmetric. The phase of a non-spinning, equal mass BBH is included as black curve. The latter is obtained from the EOB model of [71] . In the bottom panel we show the accumulated phase due to spin and tidal interaction separately. As in the case of the energetics, we separate the spin and tidal contributions to the phase by considering the difference between the (↑↑) and (00) configuration (spin) and the difference between the (00) and the BBH configuration.
This analysis shows that tidal effects contribute to about 15 to 20 radians, accumulated in the considered frequency interval ofω ∈ [0.04, 0.11]. This is about 4-5 times the phase accumulated from 10 Hz to ∼ 470 Hz (i.e. from infinite separation up toω ∼ 0.04) estimated with PN methods [78] . Spin effects for χ ∼ 0.1 give an accumulated phase of ∼ 5 radiants on the same frequency interval. These results are consistent with EOB predictions included as dashed lines.
Regarding the GW merger frequency (defined as the frequency at the wave's amplitude peak), Tab. IV shows that BNS systems employing a stiffer EOS and/or larger mass ratios have smaller M ω mrg (cf. Paper I). Spin interactions shift the merger frequency of ∆M ω ∼ ±0.005, where the exact value depends on the mass ratio and EOS.
B. Post-merger spectra
We analyze the GW spectrum of the postmerger waveform by performing a Fourier transform of the simulation data (cf. Sec. V of Paper I). Figure 12 shows typical spectrograms of the postmerger GW. The plot highlights the continuum character of the GW frequency, which is especially evident in the cases in which the merger remnant is close to collapse. This emission mirrors the dynamics discussed in Sec. IV C 2. Due to the increasing compactness of the remnant, the GW frequency increases until the system settles to a stable state or collapses to a BH. As shown in [1, 79] , however, most energy is released shortly after the formation of the HMNS. Therefore most of the power is at a frequency close to the one at the formation of the merger remnant. Spin effects are clearly distinguishable in the GW spectrum. For example, the irrotational configuration H4-137137 evolves faster to the collapse and has slightly lower frequency during the postmerger then configuration (↑↑). The frequency drift in H4-110165 is more prominent in the irrotational (00) configuration then in the (↑↑), indicating the remnant is closer to the threshold of radial instability (collapse).
The spectrogram plots include a horizontal blue line indicating the "peak" frequency f 2 extracted from the waveform PSD (see below). They also include as a white line the dynamical frequency 2M Ω = 2∂E b /∂ as computed in Sec. IV C 2 and as a black dashed line M ω 22 . The two frequencies remarkably agree with each other, indicating that the emission is dominated by the nonaxisymmetric m = 2 deformation of the rotating remnant. Figure 13 shows the spectrum of the signal for two exemplary cases. Some broad peaks can be identified in the PSD, and we report for completeness some peak frequencies in Tab. IV. As described in Paper I, the frequencies f 1 , f 2 , f 3 refer to the dominant frequencies of the (2, 1),(2, 2),(3, 3)-modes, respectively. Secondary peaks f s are also present, see [80] [81] [82] [83] for a discussion. As we discussed in Paper I, the f s peak at a frequency close to the merger frequency is basically absent for high mass ratio BNS, while a secondary peak with slightly lower frequency as the f 2 -frequency becomes visible. Here we find that the secondary peak close to the merger frequency is enhanced for aligned spin configurations.
In Ref. [25] we reported a shift of the f 2 frequency of about ∼ 200 Hz due to the spin of the NSs. Those simulations used higher resolutions than the ones presented here, but were restricted to a simple Γ = 2 EOS. Ref. [30] found that for more realistic EOS but under the assumption of conformal flatness the frequency shift is smaller. In our new data we cannot clearly resolve frequency shifts of 200 Hz, which is then to be considered an upper limit for spin effects in BNS with the employed EOSs and spins χ 0.1 [see also the discussion in Sec. IV C 2]. Nevertheless, we find in agreement with [25] that aligned spin configurations have higher peak frequencies f 2 . For our setups the shift is only on the order of 50Hz and thus not resolved properly. Longer and higher resolved simulations will be needed for a further investigation of the f 2 -shift.
VII. EM COUNTERPARTS
Let us now discuss spin effects in possible EM counterparts in the infrared and radio band generated from the mass ejecta. As a consequence of the results about the dynamical ejecta, we find that spins effects are subdominant with respect mass-ratio effect, and more relevant the larger the unbound mass is, i.e. for large q. However, we identify a clear trend: aligned spins increase the luminosity of the kilonovae and the radio fluency of the radio TABLE IV. Gravitational waveform quantities. The columns refer to: the name of the configuration, the number of orbits up to merger, the dimensionless frequency at merger M ωmrg, the merger frequency in kHz, the dominant frequencies during the post merger stage f1, f2, f3 stated in kHz and extracted from the (2,1), (2, 2) flares and, therefore, favor the detection of EM counterparts.
As in Paper I we use the analytical model of [84] to estimate the peak luminosity, time, and temperature of the marcronovae produced by the ejecta. We also use the model of [12] to describe radio flares peak fluxes. Our results are summarized in Tab. V, Fig. 14, and Fig. 15 .
As pointed out with previous studies an increasing mass ratio delays the luminosity peak of the kilonovae for few days, but leads to an overall larger peak luminosity. Also, the temperature at peak luminosity decreases for larger mass ratios. The effect of the spins is less strong, but because of the larger ejecta mass for systems for which the secondary star has spin aligned to the orbital angular momentum we find a trend towards delayed peaks, increasing luminosity, and decreasing temperature. This effect is clearly present for larger mass ratios, see Fig. 14 .
We present the bolometric luminosities for the expected kilonova. The lightcurves are computed following the approach of [85, 86] . Figure 16 shows the bolometric luminosity for the H4-165110 setups considering different spin configurations. Because of the larger ejecta mass for the (↑↑) configuration the bolometric luminosity is larger than for the other setups. Contrary when the secondary star has antialigned spin the bolometric luminosity is about a factor of ∼ 2 smaller than for the aligned setup.
Considering the radio flares, we find that systems with a larger mass ratio are more likely to be detectable than equal mass setups, Fig. 15 . The fluency and the peak time increase with increasing mass ratio. Our results suggest that in cases where the less massive star has spin aligned to the orbital angular momentum the radio fluency increases and happens at later times.
For a more quantitative analysis higher resolution simulations and better models estimating the kilonova and radio burst properties are needed. Note also that, since our simulations are based on simulations not including microphysics and on simplified models, further simulations are needed to check our results. (00) (blue), ALF2-137137 (↑↑) (red), and a nonspinning, equal mass BBH setup (black). Bottom panel: individual contributions ∆φ(ω). We include tidal effects for ALF2 (orange) and H4 (green) EOS, as well as spin effects for ALF2 (blue) and H4 (cyan). We also include estimates from the EOB models of [71] for the spinning contribution and [77] for the tidal contribution as dashed lines.
VIII. SUMMARY
In this article we studied the effect of the stars' rotation on equal and unequal mass binary neutron star mergers dynamics. Our analysis provides a basis for future models of spin effects in gravitational waves and electromagnetic emission. Combined with Paper I ( [1] ) this work is one of the most complete investigations of the binary neutron star parameter space available to date.
Our findings are summarized in what follows. Energetics: We have considered gauge-invariant binding energy curves for both fixed orbital angular momentum E b ( ) and fixed orbital frequency E b (x). The former are useful to understand the effect of individual terms in the Hamiltionan; the latter are directly linked to the GW phase analysis (see below).
Our new analysis of the energetics up to merger indicates that, although the main spin effect is due to spinorbit (SO) interactions [25] , also spin-spin interaction might play a role in the very last stage of the merger. In particular, we argue that a self-coupling of the NS spin (S 2 A (14)) caused by quadrupole deformation of the star due to its intrinsic rotation contributes during the last orbits with an attractive effect opposed to the repulsive effect of the SO interaction [87] . This illustrates the importance of including also spin-spin effects in analytical models of BNS, and poses the challenge of resolving such effects in NR simulations.
We note that the current best analytical representation of the SO Hamiltonian (the effective-one-body model, (Fig. 8) . The spectrograms show the last part of the inspiral signal (left bottom corners of the spectrograms) and evolution of the HMNS.
EOB) shows some significant deviation from the NR data at small separations, see Fig. 4 . Curiously, comparing the EOB analytical SO model with NR data that include also the S 2 interaction, we find an effective closer agreement between the two, Fig. 5 .
We have used energetics and the dynamical frequency Ω = M −1 ∂E b /∂ also to analyze the postmerger dynamics. Spin effects are clearly visible in cases in which the merger remnant collapses to black hole, Fig. 8 . Spins aligned to orbital angular momentum increase the angular momentum support of the remnant, therefore, collapse happens at later times and at smaller values of . Spin effects on the frequency evolution of more stable merger remnant are small and difficult to resolve.
The Ω analysis also shows that in large-mass ratio BNS (q 1.5), the rotational frequency Ω has a sharp increase right after merger due to the collision of the companion's core with the primary star ( Fig. 8 bottom right panel) . This fact was unnoticed in Paper I where we did not inspect energetics.
Mass ejection: Spin effects in dynamical ejecta are clearly observed in unequal mass BNS (and with large mass ratios, q ∼ 1.3 − 1.5), in which mass ejection originates from the tidal tail for the companion. Spin aligned to the orbital angular momentum favors the amount of ejected mass because the additional angular momentum contributes to unbinding a larger fraction of fluid elements. This effect is mostly dependent on the spin of the companion.
Gravitational Waves: We presented the first analysis of spin effects in the GW phase up to merger. Spin effects contribute to phase differences up to ∼ 5 radians in the considered dynamical regime (and for χ ∼ 0.1). This dephasing should be compared with the ∼ 20 radiants due to tidal effects accumulated to the BNS merger (with respect a BBH). The hierarchy of these effects on the phase mirrors what is observed in the energetics E b (x), Fig. 6 . Neglecting spin effects would bias the determination of tidal parameters in GW observations, e.g. [33] . Mainly as a consequence of spin-orbit interactions, the merger GW frequency of CRV BNS shift to higher (lower) frequencies then irrotational BNS if a NS has aligned (antialigned) spin to the orbital angular momentum. The Fourier analysis of the postmerger signal indicates that spin effects are visible in the GW spectrum (cf. Fig. 13 and 12 ). Some differences in the GW frequency evolution are observed in cases the additional angular momentum support due to aligned spins stabilizes the merger remnant for a longer time period (cf. discussion on spin effects on dynamics). Our simulations suggest that if a BNS has spin aligned to the angular momentum the spectrum is slightly shifted to higher frequencies up to ∼ 50 Hz (for dimensionless spins χ 0.1), but more accurate simulations with longer postmerger evolutions will be needed to resolve the shift properly. Furthermore, we see an effect of the spin on the secondary peak frequencies, where aligned configurations increase the enhance a secondary peak shortly after the merger frequency.
Electromagnetic counterparts: For the considered spin magnitudes the spin effects on the kilonovae and radio flare properties is subdominant with respect to the mass ratio and the EOS. Spin effects are more prominent TABLE V. Electromagnetic Counterparts. The columns refer to: the name of the configuration, the time in which the peak in the near infrared occurs t peak , the corresponding peak luminosity L peak , the temperature at this time T peak , the time of peak in the radio band t rad peak , and the corresponding radio fluence. As in other tables, we present results for R2 and in brackets resolutions for R1. Name t peak L peak T peak t rad peak In this appendix we evaluate the accuracy of the quasilocal measurements for isolated rotating stars in equilibrium. Equation (1) converges to the ADM angular momentum for r S → ∞. This test is important to support the interpretation of Eq. (1) as a "spin measure". Figure 17 shows our findings for a single NS with the H4 EOS, a mass of M = 1.375 and a dimensionless spin of χ = 0.10. We compute Eq. (1) for different coordinate radii centered around the minimum of the lapse. The black dashed line marks the ADM value computed by the SGRID solver, i.e. at t = 0. The approximation of the ADM angular momentum by Eq. (1) improves for larger radii up to a point where all material is covered within the coordinate sphere. The continuous decrease of the spin measure is caused by numerical dissipation, and it improves at higher resolution, cf. difference between solid lines (resolution R2) and dash-lines (resolution R1). This test for a single NS supports our observation that the main inaccuracies of Eq. (1) for BNS is caused by the orbital motion of the two stars and our choice of the integration surface.
Appendix B: Post-Newtonian expressions for E( ) and E(x)
We report for completeness the expressions for the 3.5PN contributions to E( ) and E(x) used in Sec. IV.
We discard cubic terms in the spin and refer to [73] for more details. The 4PN binding energy including higher spin terms can be found in e.g. [88, 89] 
with
A describing the quadrupole deformation due to spin and a depending on the EOS ranging from ∼ 1 − 10, see e.g. [87] . The SS S ↔ S contribution is
E S↔S ( ) = −νS The phasing analysis of numerical data is usually complicated by residual eccentricity and numerical noise. To minimize these effects we fitω(t) with the following template inspired by the PN theorŷ ω(t) = 1 4
where x = τ −3/8 and τ = ([ν(t c − t)/5] 2 + d 2 ) 1/2 . The quantities t c and d are determined by the fit, using as an initial guess for t c the merger time and d = (4ω peak ) −8/3 , whereω peak is the value of the peak ofω, right after the wave's amplitude peak. We fit on a frequency interval I ω = [ω 1 ,ω 2 ] for N = 6. The fit result for an exemplary case is presented in Fig. 18 . The residuals are flat and show that an eccentricity ∼ 10 −2 is "filtered out". In this appendix we consider a second phasing analysis based on the quantity
whereω(u/M ) and the time derivative is taken with respect the mass-rescaled dimensionless retarded time. In PN theory Qω is an adiabatic parameter that characterizes the validity of the stationary phase approximation e.g. [90] . The phase accumulated between two different frequencies is given by ∆φ(ω 1 ,ω 2 ) = The use of Q ω allows to perform, in principle, a phasing analysis without manually align the waveforms in time and phase. In practice, however, the calculation of this quantity is delicate due to numerical inaccuracies, and a fit to the frequency needs to be used. We verified as a further check of our fitting procedure that the total phase computed with Eq. (C3) is compatible with the phase of the raw data.
In Fig. 19 we present Qω(ω) for ALF2-137137 (00) (blue) and ALF2-137137
(↑↑) (red) and a nonspinning q = 1 BBH (black, again given by the EOB model of [71] ). We show as a shaded region an uncertainty estimated as |Q 
